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bash mean dtpth k an index of l h e n ~ a l  !*fIh freezing &glee-days O D )  arc an index for 
nergy 1- rt water s u r l a ~ .  D d y  bash mean R)D arc mrretafed with daily bash mean ice mnen(ration 

during Amud ice cover duration and daily h concentralion are shulated with FDD rcuession 
cquaflom for W e  Eric's West, center, and East Basins and for Lake Superior's West, East, and Whjtefish B~~ 
Bash.  ~,-,&b are calibrated o w  a Byear (1960-79) period. Models are applied to an independent four. 
dnler (1980-83) to evaluate simulation error. Standard erron on the independent winters ranged from 
20 to 30 peren( for m u d  maximum concentration, and standard errors were 2 to 4 weeks In magnitude for 
m u a l  jet cwcr duration. 

Average monthly air temperalure for doubled CO wnarfo winters is above-frcezing lor Lake Erie 
bacb, la m r  still forms during some doubled CO &?err because of a surrKent number of conrecutin 
day b e ~ o w f r e e ~  df tempefaturm 1- ~ f K X n ~ d 0 r 1  ud duration Bends fo!!orcd (he lir kmperafure 
trends ot llK three doubled CO m n a r i ~ ;  that h coldest scenario (Oregon State University) had the 2 great& concentration with ( e longest m r  duration, and the warmest scenario (Geophysical ~ l u i d  
Dynamic$ Laborafory) had (he smallest ice amen~raflon with the shortest ioe s e w n  duration, Daily average 

-r under all of the doubled CO sw~arios is Limited to the shore area and shallows of tach take basin. 
DouMed scenario winters without kr Cow aolr 37 to 83 percent of the time in the Eort .nd a n t r d  
s- d Erie and up lo 17 perecnt of the time for the West Basin 01 lake Erie and the Earl Barin of 
Lake Superior. Average winter duration for the 1951-80 base period was 13 lo 16 weeks. Under the doubled 
co sr;cnarias, the average winter duration is 5 to 13 weeks shorter. The shorter duration and less extensive ie 
,&s would .Ilea lake emlogy, and of rome cold water fsh species such as take whitefsh may mur. m e  
s ~ p p i w  S & O ~  which traditionally slops during the winter months, would likely be extended, perhaps to a year- 
round S%%ML 

U&r Ihe 79-year trz&ent CO ~enario (1981-2.W), only Lake Erie basins haw winters without 5 awr, D- the k t  three decades 0 the transient (Z3O-S9) 30 to 80 percent of the winters for Lake Erie's 
an t e r  and East Basins are without ice cover. Tracrn*ent ~~enario daily ice: concentration, mraged for the yeat  
2010.39, b signifwtly less than the base period for all lake bas*= Howewr, udensii ice cover will -r 
&r many transient CO whter% parlimlarly d* the rust 29 years (1981-#)09), Average ia cover duration 
t 3 to 7 mks a b d r r  during the oud 30 p n  d tbe transient 201039 relative P Uu 19519) brc pd* 
D* last &ca& d the transient scenario (2050.59), decada-averaged ice mmntration ad ie cover 
duration to tbe doubled tcenarios. 

I= s h M o n  d an analog dimatic warming period (1930.39) shows that average ice cwcr duration 
was 1/2 to 1 wtek sborter rhan the 1951-80 bare period for tsrfre Superior and about 3 to 4 weeks shorter for 

b t a  & Bst Lake Erie B a s h  Annual maximum ice concentration was less than the base' period but 
grwtcr than Ibe doubled W2 s e n a h .  

'~tbougb the informatian in this report has been funded partly by the US. Environmental Protection 
keq & c~atrad ~W3393263141-0, it does not necessarily reflect the A g e w s  views, and no o a d d  
e w m d  sbould be i n l e d  from it. 



GREAT ICE COVER AND ICE CYCLE. -- A BRIEF REVIEW 

'j-h~ G I ~  Ice cyde is divided hto three p e r u :  cooling, Ice formation, and Iw IOU. During fdl 
h r m a l  s(ratifhd~n is lost ar the entire water co!umn cools to the temperature of marimurn &nrity 

near 4 dtgree~ C. Subsequent cooling r m l b  in the formation of kss dense surfam water, winter rutratiftca;iorS 
and the start of rhe Ice f01XIfdon period. Ice loss h spfing to k d n g  soh  radiation and *ye. 
lrcuing air tempersture. 

~urtrg the winter kc forindm period, vertical ia ~ ~ ~ t l f o n  occurs as a result of transfer from the h- 
wafer inlerfaa t h f ~ &  im 10 -0spbere- As am its ~Fcrlfcal d e n t  reducu the rate 
of &at loss from the ke-water boundary and retards additioaal ice accretion. Under the w e n t  h a t e  regime, 
(he upper Umit of rhemod~namic ict  growth appears to be ~ X N J ~  50 to 100 cm for bay and harbor situ tn the 
Great Lakes (Sleator, 1978). bd fadors such ru air temperature, wafer depth, utds, and taowfd we 
rcspomible for the variation of ice thickness, Winds Can cause portions of an ice awtr  to cornpad and ox$& 
or submerge uder  the ice mr; the r d t  b rafted, fidgtd, or jammed ke, depending upon the 
amount and vertical extent of ice rubble formed. The US. Coast Guard has reported wind-induced ice U l i c w  
of up to 8 m in the Great Lakes. 

 be Great Lakes' ice cwer forms h the ddlow bays and harbors in December and in deeper bays and 
along the perimeter of chc Great Lakes during January. M e  Erie, with its shalluw &p& t- mid]& - in j ~ n t u q  midbke ar- of the other Great M u  ~sually f a  ateasiw be COW ia ~ e b r u ~ .  Annual 
&urn ia awerage owm pcbnrary and a b  March but even thn, some arw tend to remain open 
water. Normal maximum e ~ d  a Pereataige d total d m  area is 9096 for Lake Eric, 75% 
for lakt Superior, 68% for m e  Htuor~ 4596 for Lake Michig,~ md only 314% lor tjrc Ontario (ASSCI et a~., 
1 ~ ) .  m e  O u W s  small amal maximum oovtragc results kam th. mrnbioatioa d (1) its large (henna1 
irrertm (me- depth d 86 m), (2) m e  m f e  t a m e j  daring winter near but abuve O degrees 
C, a& eir-water temperawe d i c f ~ c m  8 fhdon d air tcrnptrahrts, and (3) itr relatively 
mild winter aif Iemp-a !(A C -patad wilh -98 degrees C for Lake S u ~ ) ,  Air 
temptratme is tbt r'mgk mod mpated aoapbuic *k dkdng ioc COW. Th w e  winter 
t c m p e ~ e t ~ . t l r m G I c a t ~ ~ h 1 4 1 9 - b s ~ e t r C , d t b c d m & ~ ~ a d e n l ~ ~ ~  
10%. ~ b t r n r c r a g c * t - ~ e f a 1 9 8 3 r ~ . s - 2 2 ~ C u d t b c m p r i m ~ i a u d c n t m  
~ate3)23%drtw#~MG~Uttdaaarra~ttrt,1985). 

~tpriag,i~~~tntl~slromm~causod~odar~mdobcm-fr#aag&tempcraturc, SolY 
- p a i o t u P D d ' U * * P i t h i D I b C i ~ m t b C M r t r c q g t h d t b e i a b  topreferc~tial 
mtttingaiceayslab~aodariu. I b e ~ U l t d i c c o w e r c a n t b t n b t ~ b r d t e n b y w i D b r a d m ~ ~  
& mtlted oc tmspded to ~~d (eastan) lake ~ X X G S .  b March, utas d oga wnter and low ice 
-& apd from the deeper, more mkbkt t m ~ d  tbe puimetu md -ern tbores. 
~ ~ m i d - ~ ~ r i l , . n y n m ~ ~ ~ ~ ~ ~ i n t b e r b o r t z o a c ; b o f t n v u , d m i p e w m e ) ~ e a n , ~ c c ~ ~  
ialo May. 

ICE CYCUJ MODELS 
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i 
Freeze-up datu m 8hUm h-dud mu In CMdr were faud to cmdatc with welghtd m w  fily 

(ernperatwer (BileUo, 1961) 4 ammufaced freedng & ec-dap (FDD) (Wiims, 1965). L P ~ C ~  wdlirns r (1971) a h  correlated breakup dsfu  with p r e d o ~  data 0 k d u p  ud Ilr temperrturu. And Trmod et 
(1%) 4 Barry (1%) found chat freeze-up on shallow ldu h CPhoda 8nd PMand are m Index of fd 

I temperatures; an of 1 degree C h average 8.k ~ t ~ Q t f c l r u r C  corresponded with r 3- to lo-day 
delay In date of freeze-up. One of the earliest empirical ke cover ctudiu on the Great Lalru w u  m& by O& 
and Myers (1953); they used February air temperature to forWa-St s p r b  openin% dater for nadgatlon at w i o u  
 bay^ and harbors. Systematic @rial ice mmdmnce obsefvations of Great Mu ice covcr kgan h the late 
193s; this estabtished a data for m m  empmcal and s k h l c d  studies of large areas of the Great 
ice cover. ~lchruds (1963) wnelated a f i t ~ ~ n t  degreedays for rhe previous summer (tndu of summer 
hearing) and f r t t M  de@~-da)a for h e  fall and winter (.iodcx d W e r  coo!ing and kz formation) with 
observatf~tu of lake-averaged Great 1- -r. Snider (1971) dewlopad lhruhold PDD accwnulatloru 
for navigadonally in s ~ a c  weas of Great m% baKd oa w a g e  heat rtorage in thc water. 
R w r s  (1976) used FDD and h W h 3  &greedV (0 dewlop regression mddels of annual madmum lake- 
averaged ice concentration More recently, el 81. (1985) developed a regredon model of regional annuat 
maximum Ice cover of chc c o m w  of the five Great  me^, b a d  on regional average winter temperature. 
Their m d t  implies that 4 10 5 &glee C hacase in regionaf average winter temperature from the 1951-80 
b s e  average would result in regional annual nmxirnum ice cover between 0 and 9% for the combined 
area of the Great Lalre~. Howe et d. (1986) developed empt.ic4 models for eacb lake relating monlhly average 
air temperature on (he perimeter to annual mximum ice m r .  They estimated the dimatidy'normal' annual 

ice' cover based on 1951-80 mean air temperatures and the expeded annual maximum ice cover for 
a hubled C02 warming. %?if results indicate that, except tor Lake Erie, lhc el-ded annual maximum j e  
cover under a doubled warm*% is nit 

studies noted in tbe previous paragraph dewtoped m+cfels of different parts of the annual ice cycle. 
In prmnt study empirical models were developed that simulate daily mean basin ice coacentratioo for h 
entire ice 4% using some of rhe methods from ~ l i e r  studies. This initial adysiu is limited to LaLes Erie 

Superior - tbe two lakes that repr-nt the W e m a  in mean lake depth and air temperatures for the Great 
A summary d dewlopment melhodolqy and an asxssment of model limitations are h i d  Ihe 

range and w e d  value? d icc coocentration and ice Me duration are presented d briefly interpreted 
re.& to c,&oamental and cod-& impl ieaka 



ClWPTER 2 

METHODOLOGY 

TWO hporlant m b b l u  afle- ice formation u e  (1) ht atored in Ihe water mass and (2) fie energy 
budget at thc &-wafer boundary. Mean lake bash depth ( d u e  divided by nulace area ) ir an ux h( 
refiea thermal tnertl4 m u t a t e d  dcgr~*  O D )  are an indu d energy tau from the 

m@ layer. Lakw Supdor and Erk are divided loto basha U S ~  leke belhymetry. East, Eart~en, a d  
W u t  Bash for Lake Efl6 and Pnd wert hdns for t r l re  Supcflor (Figure 1 d Tabk 1). In addition, 
WNtefd ~ a y  tr Wuded as a R W e  badn of Lakc Superbc bccuuc d ib importance to mwtption, 

Table 1. Me Basin Parametur (approximate value) 
~ 1 1 1 m 1 m ~ 1 ~ 1 1 1 = - - = - = = - = m . I I I I : I I I 1 - I = - = = = - - ~ = m R m m ~ ~ ~ ~ ~ ~ ~ 1 ~ ~ m m  

Lake Superior Lake Erie 
WB EB WFB WB CB EB 

____________---------------- -------------------------_______________- 
Mean Depth (m) WS 152 4 1 9 19 27 
Area (km2) 21971 58947 1182 5135 14655 5909 
Volume w) 2966 8960 48 46 ZB I59 
Max FDD (C)# I299 1W 1% 318 342 368 

~ 1 m ~ ~ ~ 1 1 1 I 1 = = = * - = = = = - I = - m ~ I m I ~ ~ I I I I R I I ~ I ~ ~ m ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~  

#  aged annual maximum FDD for tbe 1951-80 bast period 

~~~n t&n la cooantratioa is calculated for tacb M e  basin from synoptic *hx cbarcs (A=), 1983) for 
yean 1960.79. Tbtsc data are ustd to d m b p  regrcsriar tq- betaacn ryDopdc mean bari -- and daily mean basin FDD olcarmab.tion through tbt daft d th rynoptic ke amcentration 
*&(T&k2) EQuatioal~dmk.lgdf~~eSoperior'~~mdWestBasirrr,dQuatim2lor 
whitem 4 tbt thfe M e  Erie b&. Q W ~ S  3 d 4 differentiate k m  W-ir,-I-ria* 
~ u r d t ~ ~ d ~ ~ ~ ' i s & d f k  Wb formrtioain&dk-dL.Lc~u~eriofs 
~ a o d ~ e s t B & &  Q~nSisan*mtbdudionfdoctbatIspartd~&lmd&pah2 

 be three ptriods d the armual ice cyk are sholated by cbe rystem d egnatiom in Tabk 2. Initid iw 
formdon is r hrodion d threshold FDD rwnmulahm givan as part of the amdnhtr in E<1& 5 3 and 
4. %&&I FDD values are estimated from anatysrb d historic ice charts and ca~espow FDD 
-&jtms from Rmnkr.1  to the date g k n  oa th ice cbah If tbese thnsbdd FDD vatu= 9rc not 
acauP&cd, jce arvrr win Dd form. Tbresbdd FDD dues for Lake Erie's West, m a ,  Md East Basins ate 
n, 75, md 110 FDD, -. Initial ia Went at these tbrtshold values k 45%. 37%' 3096, ,ma ~f ks than 430 FDD aceumutaie for tbe East 9od West Bash d Lake Snperioc, ice cover wiU w 
f-. ~h ~ e s b o l d  FDD value needed far iailial ia formath an W h i t d i  Bay is  344 

granth tr *Wed (IFDPBFDD) in Eqoatiorrr 1 rPd 2 Tbtsc -ow are an 
~ d ~ l b 6 5 a t L f t b e - ~ a t u ~ d t b e ~ ~  b X p d e t b e  ~ ~ c f l e d d r a l e o s d e n t ~ ~ ~  
~ ~ o a i r x n a h g i c + u d m t  T b e a y s t d e P T & i a E q o s t i o n l ( ~ t e n m ) i a a f u n c t i o n  
o f ~ D o m b u d ~ p s s t ~ d a t e o l ~ - f a ~ ~ k a r r w U w m r P t i m r u n i a c o r n r ( ~ & i s ~  
below 10096) 'rr dated to the number d da)r pad tbe date d a~dd-fa l l  owturn on Lake Sopu ids  East and 
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LAKE dA81NS AND TEMPERAWRE STATIONS 
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Table 2 Annual la Cyde Sirnulath Model Equafloru 
~ ~ ~ ~ ~ ~ m m m m m m ~ ~ ~ * m 1 1 m m - m I m m m = - - = m = m m I I m - m m m m - m m ~ ~ ~ ~ m ~ . . m m ~  

100 
EQ. 1 ICE --------------------------------------------------------.-...---------............-. 

1 + Cl*erp(Czb(O.'DD-BFDD)/JD)] + CJb(FDD-BFDD) 4 THFAC 

EQ. 1 constraints 1.730 < R)D < F D m m  
2 ID - 1 when FDD-BFDD and JD Lnaements 
by 1 ewry day after thac date. 

3.lCE-lOOUPDD > PDDCRIT 

.EQ. 2 ~~Niraints: 1.450 < FDD (for Whitefih Bay only) 
2 FZFAC- 1000 wben FDD < BFDD, FZFAC-0 when FDD > BFDD 
3. ICE- 0 if FDD < BFDD 

EQ. 3 ICE Sb(FDD-350)/100 
EQ. 3 constraints 1.350 < FDD < 450 

2 ICE-O if FDD 4 5 0  
3. JD < DMFDD 

EQ, h ICE = 5 t lO*(FDD-580)/1sO 
EQ. 4a oomtraints 1.580 < FDD < 730 

2 JD < DMFDD 

EQ. 4b ICE - S*(m>D4N)/W 
E Q - I b e  L 4 3 o < F D D < 5 8 0  

2 ICE-0 if FDD 4 3 0  
3.m < DhUDD 

1 
EQ. 5 THFAC I - 1 

1 - [(m-DMFDD)/(w(Mn>DBR)D)/MELT)] 

EQ. 5 amstdnts: L THFAC-0 if ID < DMFDD 
2 THFAC=!B!B if JD-DMFDD > r or b. klow. 

%rtI(MFDPBFDD)/MELT) 
b. maimtun historic obstrved value d day psd 
annual maximum FDD to date d last obsuvrd ice. 

~ ~ ~ ~ = ~ ~ ~ 1 ~ 1 1 1 1 1 = - = = = = = = m ~ - - - ~ I = = ~ I I R ~ ~ ~ ~ ~ ~ = ~ ~ m I m = = ~ = ~ ~ ~ ~ ~  

g b s q  fa detiiaition d tuma 



w d  ~mlru.  ~ b ,  tlyterett rflect of antecedent FDD occumulatlon In Equation 2 is related to the R)D 
m u l a t l o n  ncctswy for virludy 1009b la m r s g e  b i ! c a ~  the Ice on Lake Erie bruiru md me 
Suprjorel Whltelih Bay 8~pr-s 100% mod winter#. Bash lot mm(ra t lon  generally decrcuu by fie 
6 . t ~  m~ wrumubtlons ruth tkhrlr ~ u d  mdmum d u e  -- &wage ah tcmpcratur~ are wually .bovr 
frtctlng d e r  that Qte. C o ~ ~ u e n f l y ,  !the date of LN~UAJ m*um PDD ~cumularlon defmes the end [he 
1- gowh period and the beginning of the Ice &my period. A temporal kz concentration reduaion factor, 
Qualion 5, jS wivated in Equarioru 1 and 2 after the date of annual maximum FDD accumulation 1- loss 
in EquPtlon 5 t r function of average daily Ice melt rate, average Ice thickness on the date of m a h u m  R)D 
-mulation, and number of days past the date of maximum FDD accumulation. The average ice melt rale 

dwing the ice loss period was optimized by rrial and error during the regression analysh. The rate 
1~ (cm/day) for Lake Superior's Esst and Wtst Basins, and Whitefish Bay, and 0.889,0.667, and 0333, for 

LAe Erie*' W ~ I ,  Center, and East B a s h  rupecdvcly. Lake-owraged ice ablation rates for bays and harbors 
of ma superjor d Erie are 1.4 sod 1.1 an/day, r~~pwlivtly CsoIscnga, 1988). Lower abhtion rates for me 
kids enter and East Basins apparent!)' reflcd the eastward crdrction d ice into these basins during the i~ 
1- period, wtjcb in effect, prolongs Ihc period of ice loss a d  reduces che overage daily rate of ice ablation. 
A Stefan 1- growth urprwion (the square root of the accumulated FDD) was used to estimate ice thickness. 
Complete j a  loss occurs when the number of days past the date of annual maximum FDD exceeds the number 
of days to melt the ice a4 the awrage melt rate. The largest b r v t d  number of days between the date 
of m a h u m  FDD accumulation and thc_da!e o ~ - ~ @ , w L . ~ Q  W ~9&~3Wkfi~g'i&1dh i?l &e Eiie 
basasuu. 

MODEL LIMITATIOM 

~ o d e l  predidion enor for each biuh was evaluated by the cross validation method, that is, the data were 
,jiw in hall and model coefidents were generated for each subset of the original data b f f i 6 e n b  for one 
subset were used to sirnufate ke concentration for the second subset. The model prediction error for each &,la 
~ b s e t  ranged from 15 to 28% (Table 3). 

Table 3. Model Crm Validation for Root Mean Square Enor (RMSE) 
~ 1 ~ 1 1 ~ = = 1 1 1 1 = = = 1 = = = = = = = = = = = = . I I = = l i = = = . I I = ~ = 1 ~ = = ~ ~ = ~ ~ = = . . = = =  

Lalre Superior Lake Erie 
RMSE WB EB WFB WE CB EB 

RrslbaUd(- 25.9 20.9 14.7 17.8 24.9 19.7 
~dwddsrtp 27.8 18.8 m 221 27.0 18.1 
1 1 m 1 1 1 I = ~ 1 = 1 1 = 1 = = = = = = 1 I m 1 = = I I I = I = I = I 1 I I m = = ~ ~ = m = = ~ ~ ~ ~ = = ~ = =  

 dl pr&tion mot wtr  rbe entire data base uas evaluated by simulation of annual maximum We- 
s~l lged b amcentratioa h i q  four winters oulsidc the model caliiatioa puiod Estknalu of lake-anraged 

m&um ia wvw and date cxxwreaa lot tbt 1980s b t  been providad by tbe US. Coast 
~ m d  @ e d  w m m ~  united States Coast Guard, Ninth District Headquarten, Ckwbnd, Ohio). 
Basin me- jcc mrmntraliosrs from sim-n models for Lakes Superior pd Eric were ax* dghled and 
aMrned 10 &ain tbe lakcaveraged ice amcentration for the daiu d annual maximum ice c o ~ n t r a t i o ~  
pr&d Coast Guard. 'Ibe four 4est winters' contained both extremely high and extremely low amual 
m&um wncentntth (TeMe 4). Modek did well for both winter extremes; standard enart are 30f16 for 

Superior .od 20% for take Efk. 11 is d@ft~~ant tbal tbe modeh did well during the mild 1982.83 winter, 
&& & d e d  as tbe 10th warmed uinter h the Great Lakes dufing tbe #WT-ytar period 1783-1983 

( h i  et & 198% and thus it likely approaches conditions of some of the C02 global warming semi& 



Tddc 4. Slmubtlw Error for Annual MaIdmum Ice Exlent 
~ ~ ~ I . ~ 1 ~ . m ~ I m m w I m m I - ~ I . . a a - I m m I . I m 1 = m ~ ~ I m m ~ w ~ m w m m m m m w ~ . m ~ ~ ~  

Lake Wlnter Madmum Ice Concentration Error 
Season Obsemd Simulated (Obs-Sim) .~.__..~.~~.~..~~---~-*.~.-....-----------------------.-----.------------------.--.-~~-..-.-~~.~-*.-... 

Superior 1m-80 7s 34 4 1 
1980-81 92 62 31 
1981-82 !37 % 1 
1982-83 21 13 8 

Erie 1979-80 95 86 9 
198081 100 81 15 
1981-82 100 74 26 
198283 25 40 15 

~ I ~ ~ 1 ~ ~ I 1 1 ~ m m ~ m m ~ I = I = I m I I I I I I ~ I I I m m I I I I w m ~ ~ m m m m ~ m m ~ ~ ~ I ~ ~ ~  

Errors jn simulated ice cover duration were also analylied. Ice cover duration Is defmd here ;u the 
&firem in &p between Ihe dates of initial ice m r  greater than 05% concentration and f i i  and complete 
loss of m r .  Dates d rust- and last-ice were estimated from Canadian composite ice charts and from 
National Ocean Service water kvcl gauge ice reports. Standard enor in simulated icc m r  duration ranged 
from 3 to 4 mtks for Wrc  Superior basins and from 2 to 31/2 weeks for Lake Erie bash 0&le 5). 
~~t-~ning ice awes duration during mild winters can be d i f f i  Tbc fa and bsf data of icc were used 
to m n  duration, but in mild winters this method may mr-estimate the a d d  number of days with 
~ - ~ d d t e r n a t i n g p e r i o d s d l a f o r n a c i o n a n d l a ~ l o s s .  P o r u a m p k , m e n o r o f ~ ~ y r  
for wed B&I d Lake Eric during the mild 1982-83 winter resdted from intermittent ice covrr during two days 

Deembtr. If those r p d o ~  data were omitted, (h initial ice mwr would haw been on January 18th and - duration would haw been 45 days, producing an error d onty 3 days. 

~t m j t  to quvlfifj (h magnitude d error in ice m r  models caused by not amsiderisg uind tfltds 
be- wind effects are higtrty nonhhcar and depend upon physical prooes~s tha( ocatr on time safes of a few 

to r fcar days. An;rlysis of data from Lewis (1987) bdkates (hat for ck 23-yetr puiod 199-1985, the 
-pa average number d dcwms with wind tpeedr of 88 k x ~ / b ~  cx gtPiu d* Ibt >month period 
JUW, F-, d Mucb it about one severe dorm per wintu. U winter st- d this magnitude were 
to h- in I r t q u t ~ ~ ~  the dimate warmirrg taoarioq this would rnlniutt  lo 8 redudion in boa ice 
h& ice amcuttraion; r redudioD in storm f r q u c q  horn the present climate rvusge d oae per - noutd bavt the oppasite tfltd. High wiods during tbe early winter would (cod to retnrd ice formation, 
partic~larb the deeper late b a s h  thus, models would predid initial ice fmatjon too miy and ice extent 

k An udeoded pcfiod d atm cooditiorrr in early wintu would k c  tbe opposite en-; 
i n i ~ i # ~ * r o a M f ~ d h . r d b e m ~ t u d c a b v c .  liighwinckdnripgthtwintcr~ermurcnsiv~ci~ 
- ~ d r e d P o t i a ~ t t m p a e r i t y , u d m o d e l s n o P M o v t r ~ ~ e i c c a d c o t  Highwh&ia 
~pise c& move the ice wt d 8 bash or melt it by upwctliqg, resulting in an m 4 a t e d  ice m e  
~ ~ d t h c i c e b s s p u i o d t n d a t p r d y r i m u l a t e d d a t e d l a s t i o e ~ .  

SCENAR1mIJgeD 

 be 195180 dimatokkd period used to define the torrent normal value f a  dimate ekments was used 
as base period in this Tbe decade d the 1930% had ~evvrl years d much ak.M normal temperatures 
~ i r u s e d a s ~ h i s t o r i c m a t O g ~ a p p r ~ c 0  ~ o b a l w m i n g ~ ~  halah&part~rafr~m 

m d d y  mean *mpnhuc (UIS1977f for (bc adguous Unitd Stra rba a h* 
tmpdam brnd from 1921 to 1954 d 8 k t . .  trrad d k  tbat @iaz and Quayk, l980). Mild uinten 
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Table 5. Simulation Errw for Ice Qdc DuraUon 
~ m m m 1 m D ~ ~ 1 = = = = - - - = = = = - = - - - - - - I m m = ~ . ) ~ m m m m ~ m ~ = m D ~ m ~ ~ m m ~ ~ m m ~  

Ice Cycle Duration t\ Day 
Lake Superior West Basin East Bash Whitefish Bay 
winter reason obs rim cnor obs s'm error obs dm error **_~~_~.__._._._.....~--~~------.--------------*---------------------~.~~~*~~--.~~~~~~~~~~--~-~.~.~~~-- 
1979-80 105 87 18 10s 88 20 108 101 7 
198Q-81 134 101 33 121 103 22 129 110 19 
1981-82 123 119 4 W9 118 21 150 121 29 
198243 84 114 -30 91 92 -1 83 97 -14 

_ * _ - _ _  *--.-.--. -------------------------------------*--- 

Lake Erie West Basin Center Basin East Bash 
winter sewn obs rim e n a  o h  rim cnor obs rim c n a  
_____-___-______1._---------------------*--------------------*-------- 

1979-80 118 106 n 69 n -3 76 86 10 
1980-81 79 81 -3 94 80 14 121 103 18 
1981-82 95 107 -12 92 89 3 113 111 2 
1982-83 42 82 -40 37 16 21 28 17 11 

m ~ ~ ~ 1 ~ ~ 1 1 1 1 1 1 = = - - = = - = = = = = = - = = = - D m I L - ~ I k ~ ~ ~ m m = = D ~ D ~ m m ~ 1 ~ ~ ~  

& observation; sim = simulation 

in the Great during th cafly 1950% but Wt during (he rest of the 1951-80 base period when 
severe winters were pred-t ( h k  1986)- 

M o & y  mean ah temperma ratios (doubled a # ~ )  for (be GtSS, GFDL, and OSU scenarios and 
for GW-A scenario were multiplied by daily mean air temperatures lor statioas on tbe perimeter of ca& 
twin lor tbe 1951-80 bast puiod data oA1e 6% The dasest grid point for a g h n  gbbal circulation model 
(GISS, GFDL, mu) Was &kmhd for each metcorologkd station (Tabk 6), and lhe air temperature Mlios 
a that grid were used lor dm- &uMed and transient CO1 temperature time .uiu The daily 
obsemd station t emperam cmwrted 10 degrtes KeMq multiptad by th rppiopriate ratio (year tad 
month) for a given ~ c e ~ a n ' q  ad h a  ~ r l ~  back to dqpct~ C, fdlowing EPA &Wdom. Mean daily air 
temperatures lor tbe 1930-39 historic lrnaog aavio tbc 1951-80 bast period were &&acted from a Great 
Lakes Environmental Restr;Kh taboru~ t ~ ~ p t m t u f t  data base (Asel, 1986) for a&sk Mean basin 
daily air lemperaturts a d  FDD ~~~ were cPkulated and tbt daily FDI) data were used to drive the 
icr cyde simulation models. Winter sesr#urs were M t d  ia Novtmber prior to the ycar shown au the tmt yur 
d tbe scenario. For utampk, 1951-80 base period *~~ air temperatures tod FDD for Nmmbec aad 
~ e a m b ~ ~ ,  19%. 3 % ~  G S - A  scenario beg= November 1980; tbe nztagc ia cover SUMU for tbe ~i rs l  
d d  d these sctDaliO5 - 04' dnc *ten, 1981-89. mrtyyeax m* mraged temperahues lor tbt 
1951-80 base period, lbe dodcd CO e* ckcaM moat* merap for tbe W39 d o g  rad 
tramie0tco~~.rerinn1.~bk7tore~rd~lsc~al.d~;c~dlde~(~~ca~~ 

~ a k t  Superior. Monw temperatures ta the cbub&d CO scenarios are &ow 0 degrees C lor ~ a k e  
Eric, but rnly hviql -b ad 4- d* ~ a ~ c b  lor h e  ~ u p r h r .  l%is k scmlewb~ mkleading 
Jince daily average ttmpntures me uw bekw 0 degrees C; ~ m l l y ,  global drculalion model 
output rtalisth &odd amcm daily catha (baa a monthly time puiod Daily values may produe 
wi~tfy dilYerent resuhr rehfk to ke -r s~mu!ahn Tbe decadal average monthly 
temperatures for tbe rust three decades are in g d  similar to Ihe 195140 base period. November-through- 
Mar& weraged temperatures for Ibe bst decade d the transient is similar to GlSS &led CO sccnarh 
averaged tempr.tures. Th 193@39 analog Cemp-W are *P chn 2 &grew C warmer than $1951-80 
b m  period in most d tbe m0~1t.k 



Auel 

RESULTS 

~ d y  mean basin ice concentradon was simulated for (he X )  winter seasoru of the 1951-80 base perjod, the 
30 winters of each doubled CO scenario, tht 79 whters of the tfaruient CO anario, and for the winters 01 
the 1930.39 d o g  scenario. data ud monthly ststiscia for all sados (average, median, maximurn, 

ud studard deviation) .nd d e d  a*rrgu of monthly sfatkdu for the transient C02 scenario pre 
at the Great Lakes Environmental R ~ c h  Laboratory. 

WINTERS WITHOUT ICE COVER 

 he winter d 1952-53 rn extremely mild, and ice cover did not form & Lalre Erie's East and Central 
B ~ * W  (~nternational Niagara Working Commitltc, 1983). The tce cycte models for these b a s i i  w a t e l y  
simulated the lack of Ice cover that winter. lhis was the only winter during the base period that Lake Superior 
or m e  Erie lacked ice cover. under doubkd Co2 scenarios up to 7% of the winters for Lake Superior 
basim and up to 17% of the winters for the w t ~ t  Basin of M e  Erie lack ice. From 37 to 83% of the winters 
for Center and b t  Basins of Lake Erie are without *W cover (Table 8). Under the transient scenario, only 
me Erie basins have winters without ice cover. During the fist five decades, no more than 20% of (he winters 
for m e  Erie basins are without ice cover. Because of the greater mean dep& of the Center and East Basins 
of Lake Erie (compared lo the West Basin), ~ e y  have more winters without ice cover in tbe latter decades of 
the tranrient and for tbe doubled C02 s~~oarios. During tht k t  three decades of Ibe transient, 30 to 80% of 
the winters for Central aod East d f i e  W more than 10% of winten for West Basin) are 
without ice cover. During tbe 1930-39 d o g  de* O* (he East Basin d Lake Eric had winters witbout ice 
-r, ad tbeq for only 20% d Lbe time. 

DATES OF R R S T m  ICE COVER AM) ICE COVER DURATION 

Ice amrs  b e p  forming in shore areas d Lake Su- the fird hall d January Md were lost near 
&t end d Apd. Tbe averqe annual cbr- d cbe kt cydt oa Lake Superior bar'm was L5 to 16 weeks. 
Ini(jaj ice formation oa M e  Eric 0 m t d  Ibe shal)ow Wtst Bash the third week of December and was 
\rrudjy leal during rbe third week in March On mragc, th West Bash of Lake Erie had ice cover for about 
U weeks. In Lake Erie's Central rrad Ead bh, fust-ice occurrtd tarb in January pad it ws completely Iwt 
by late Mar& (Center W) or mid-April (East BasU Average ia amr duration wiu about 12 weeks for 
the a n t u  Bado crad dosc to 14 weeks for ?be East Basin d Lakc Eric 

-rage dalu d linl- aad bst-ice w e  based oofy on winters with ice m r ,  a d  all 30 whtm were 
used ofarlatiog tbe average rumual durltioa d Ice cmtr. Undtr the doubled C02 stenah, Lake Supuiot 
ice f-&a starts 2-l/2 to &l/2 watlrt blu urd cDdr 2-1R to 6 meks tartier tban it did in the 1951-80 base 
p r i d l ;  W e  Erie ice formation starts 3 lo 4-V2 weeks later and en& 4 to 6 weeks earlier thaa the 1951-80 base 

u&k 9). Tbe m e  duration of ice anw is 5 lo 13 weeks shorter f a  Lake Superior and 8 to U 
weeks sboder far lake 

Tbc Transient Sccnario 

GISS-A decade avemges sbow a gent& trend d tater fud-ice and earlier &-ice dates Because of the 
built-in I&SS d fowu temperatures in th 1951-80 base temperature data wd to caastmt the transient sanario 



Table 8. Percentage of Whcerr Without Ice Wr 
~ ~ ~ 1 m ~ m m m m m ~ m = m m ~ w ~ I I ~ ( . w m ~ I ~ m ~ ~ m I m m ~ ~ m m m m w w ~ ~ ~ m ~ ~ m ~ m ~ ~ ~ ~  

Lake Superior Lake Erie 
Sanarios WB EB WFB WB CB EB _..~~~_____.___...*..-~.-~--~.------.-*-.---------.------.-------.-.-..--*-.----.-.------- 
1C0, 195140 0 0 0  0 3 3  
2C02 GI!% 0 0 0  10 67 80 

GFDL 0 7 7  17 73 83 3 OSU 0 0 0  7 37 60 
G&-A 1981-89 0 0 0  0 10 10 
GISS-A 1990-99 0 0 0  0 0 0 
GISS-A 0 0 0  0 0 0 
GISS-A 201&19 0 0 0  10 10 20 
GISS-A 2020.29 0 0 0  0 0 0  
GISS-A 2030-39 0 0 0  0 3 0 3 0  
GW-A W 9  0 0 0  10 40 70 
G S - A  2050-59 0 0 0  10 70 80 
Analog 1930-39 0 0 0  0 0 2 0  
~ 1 1 ~ m m 1 1 m 1 1 1 = = = = = - - = = = I I I I ~ m I I m I I m w ~ I m I = m ~ m m ~ = m I ~ ~ m m ~ ~ ~ m  

temperatures, dates of fud-ice art earlier and dates of last-ice are later than the 1951-80 base period kr some 
of the w l y  decades of GISS-A. A 29-yuu (1981-2009) average and a Byear (2010-39) anrage tor dates of 
first- and last-ia and Ice COW drvotion were cacufated to fdter out the tlfeds d the bias of lower temperature 

the 1951-80 base period (Table 9). Awage data of fa-ice, kt-ice, and ice m r  duration tor 1981-rn 
pre virtually tbe same as the 1951-80 base period, with thc exception of tbc Ctnter and East Basins of m e  me .  
Amage dale d tor 2010.39 is 1-1/2 to 2 weeks hter oad amage date d &-ice is 2 to 4 weeks mliu 
than dutirrg the 1951-80 base period A w e e  ice cover duration lor 201@2039 is 3 to 4 weeks sbodtr for Lfie 
sup- b&,m md 5-1/2 to 7-1/2 weeks sbortw for Lake Eric basins Thc dec;dal w a g e  ke arvet duration 
for the k t  &cades d the transient are 61/2 to 9 weeks rborler for Lake Superior basins and 9 to W week 

for Lake Eric basins,  anp pa fed to cbe 1951-80 baK period Ohbk 9). A v e  ice m duration durirrg 
the~9dbcodeirdmitPrQtbtdouMada02OSU~~radnru7gekc~durotionfor~~9it 
dmi&totbedouMada)lG~-. 

Tbe 1930.39 ArrPlog Scroario 

 be 1930.39 makg has r shift to botb her hrst- and later hst-ice dates f a  Lake Superior b& a& 
~ ~ , ~ d ~ ~ ~ ~ ~ ~ t ~ t b e  1%180brucpetiod A v j ~ ~ ~ ~ 1 " ~ 1 d l l t a t i O l l ~ 1 / 2 t o l w ~ e k  

ch bx puiod for L.kt Spuiof b- .nd for the Wts( b h  d hke E&. Analog d e d  
cNtrage~duntioawos3Q4wetkssborter~LbebacepuiodfatbcCcrrturadWBadncdtake~ric 

DAILY AVERAGED BASIN MEAN ICE CONCEWFUTION 

A t-ttst (~rarsodet, 1967) .t tbe 9996 pmb&%ty level was p=f-ed ktmtn tbe daily mfaged ice 
~ d t b e b s # p r i b d r a d ~ d t b e t f f o ~ p r i o d s d c h e b . l a s i e o t a o d t o r t a c h o f  



the doubled C q  Dub 1481.2009 ~ r w  WrW M y  kc mt wu ~lgnlliunlly different c h  
the brue period during late Much ud ~ l y  April for Lakc SU dor brulnt md durlng the last three week 
~ebrulry for the CInler B h  of me We. The dnlly .wage ::r for the riod 2010.39 was rigdrjmlly 
different than Ihc base period daily average most of the winter for all lake d. t-tat d y i s  lor the 
doubled c02 ~ n i u i o s  showed sign8cnn( differences between the daily average Ice concentration of the 1951.80 
base period and the doubled CO2 scenarios. It is probable ice cover will be restricted to shoal areas and to {he 
shore zone of each lake basin during an average doubled C02 winter (Elguru 5-10]. However, it will stiU be 
possible, dthough not Very Utly, to have extensive ice cover lormation during some doubled CO ~ c c n ~ i o  
winters. M e d v c  lu mvcr will form during many of the transient scenario winters, particularly &ring the 
3981.#)09 pat period of the transient (Figures 2-4). 

Tabk 9. Average Fust-Ice/Last-Ice Datu and la Duration 
~ 1 1 1 ~ 1 1 1 ~ 1 1 - m = - - = - = - - = - = - - - - = ~ - . ) 1 I ~ - ~ ~ ~ I ~ ~ ~ - ~ ~ m ~ - - ~ 1 - ~ m ~ ~  

Avlerage Fist Date of Ice Cwtr 0 

Lake Basin ---------..---- 
Sup WB 
Sup EB 
Sup WFB 
Eri WB 
Eri CB 
Eri EB ----------- 

1951430 
1CO2 

_--I__-__----------- 

Jan 6 
Jan 9 
Jan 2 
Dec 17 
Jan 6 
Jan 12 

.__- - - - - - - .  

1951-80 
Lake B&n -- 1 m 2  

Sup WB A P ~  22 
Sup EB A P ~  26 
Sup WFE AprX 
Eri WB Mar 19 
Eri CB Mar 29 
Eri EB Apt 18 

------- Doubled C02 ----------- 
GISS GFDL OSU 

-----------c---------.--------------.----------- 

Feb 14 Feb 20 Jan 25 
Feb 18 Feb 22 Jan 30 
Feb 6 Feb 15 Jan 19 
Jan 18 Jan 17 Jan 7 
Feb 4 Feb 4 Jan 27 
Feb 3 Fcb 7 Peb 2 

.-------------------__I 

Average Last Date d Ice Cover 

1981-2009 2010-39 
GISS-A GISS-A 

---------I--__--------------- 

Jan 5 Jan 16 
Jan 10 Jan 21 
Jan 4 Jan 12 
Dec: 19 Dee 31 
Jan 10 Jan 16 
Jan 15 fan 26 ------------ 

Doubled C02 --------- 
GISS GFDL -------- mu 
Mar 31 Mar 15 

Mar 14 
Apr 8 

Apr 1 
M u  14 

A P ~  8 
A P ~  1 
Fcb 17 Fcb 13 

A P ~  8 
Feb 14 

Feb 28 Feb 2a Feb 28 
Mar 2 Mar 7 Mar 7 

1981-2009 
GISS-A 

Apr a 
A P ~  22 
APf 22 
Mar I3 
M a r 3  
AF 9 

2010-39 
CIS-A - 
Apr 14 
AP 0 
Apr l3 
Ftb 2s 
MY 4 
Mar 18 

1951-80 Doubled C$ 1981-2009 aD10-39 
LalceSasin 1% GISS GFDL o!3J CIS-A GISS-A 

Sup WB 1l.2 46 U 75 108 88 
Sup EB 100 43 19 69 103 84 
Sup WFB 115 55 26 80 109 92 
Eri WB 93 26 23 35 84 S4 
Eri CB 83 8 6 19 71 41 
Eri EB 97 6 5 l3 82 43 



Table 9. (condnued) 

Dccadal average kc cover duration for transient and analog 

Lalce Decade Slnrttng Year 
b l n  1930 1981 1990 2000 2010 2020 2030 2040 2050 --- ------- ---------_.--------*. 

S U P W  106 110 107 109 93 86 86 66 46 
Sup EB 103 103 100 105 86 82 83 61 U 
Sup WFB 112 110 107 111 95 91 91 70 56 
Eri WB 85 72 % 83 45 66 51 31 29 
EriCB 61 62 83 68 34 33 37 14 8 
Eri EB 70 75 92 79 31 52 46 5 7 
I . I I ~ ~ L I I I m I I I m I I = I I I m - I = = I I . I . I - ~ . I I I ~ I I ~ ~ I ~ I . m ~ ~ ~ m . m ~ ~ ~ . ~ ~  

Average dates of fist- and bst-ice lor winters with ice cover. 
* *  Average season kngth for all winters h each scenario. 



FIGURE 2 
DAILY AVERAGED ICE COVER 1951-80 BASE & GISS-A SCENARIO 
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FIGURE 4 
DAILY AVERAGED ICE COVER 1951-80 BASE & GISS-A SCENARIO 

LAKE SUPERIOR AT WHITEFISH BAY 
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DAILY AVERAGED ICE COVER 1951-80 BASE & 2G02 SG~NAHIUS 
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DAILY AVERAGED ICE COVER 1951-80 BASE & 2C02 SCENARIOS 
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FIGURE 8 
DAILY AVERAGED ICE COVER 1951-80 BASE & 2C02 SCENARIOS 
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DAILY AVERAGED ICE COVER 195i-80 BASE & 2C02 SCENARIOS . , ..I 
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FIGURE 10 
DAILY AVERAGED ICE COVER 1951-80 BASE & 2C02 SCENARIOS 

LAKE SUPERIOR AT WHITEFISH BAY 



The uncertdnty in simulated ice concentrdon and ice duration (standard error analysis) is estimated to 
range from 20 to 3096 for ice concenlration and from 2 lo 4 weeks for ice cover duration. The models are 
finsitiw to the magnitude and number of consecutive days with air temperature below freezing. If FDD 
accumulations fluctuate about the value netded for initial ice formation all winter, the models show intermittent 
periods of ice formation and loss. In such cases, ice cover and ice duration can be either over- or under- 
estimated. 

Information on the spatial and temporal distniution of the ice cover is limited by the calculation of basin 
mean ice concentration Thb is a dgniricant limitation in studies where spatial &tails on ice ooncentration are 
needed, as in tc01ogi~aI studies where the date and extent of initial ice cover and duration of shore-fast ice is 
important. 



CHAPTER 5 

IMPLICATIONS OF RESULTS 

ENVIRONMENTAL IMPLICATIONS 

We are just beginning to understand the importancc of ice cover to lake ecology. Freeberg and Taylor (in 
press) observed that year& rtrengtb of take whitefish is related to winter severity, Under the doubled C02 
mnerios, tbs Great Laku may nd b e  ice anfer m e  winters. if ice cover is missin& whitefih and perhaps 
other cold water f i  @w may Mnish from the Grcot Lakw Bdsenga Cul press) has observed that some 
biological a&ty adually inae&es uoder the protection of the kx cover in tbe rhore zones of tbe Great M e s ;  
the of tbe ice covtr therefore may result in a redudion in tbe annual abundance of some micro-organisms 
and pcrhape -cantIy afled larger life forms that prey on tbem. The kz cover a h  protea some shore areas 
against the impad of highenergy waves that might otbemise cause shore erosion (Zumbwge aod Wilson, 1953). 

SOCIOECONOMIC IMPLICATIONS 

The ice cover impedes and eventually stops most navigation in the Great Lakes during the winter months. 
 ids to n&ati00 that would be damaged by ice are removed in late fall and reinstalled tbt following spring. 
la beams, which help prevent ice jams, are installed at the bead d tbe St. Marys and Niagafa Rivers to aid the 
formalion d stable Ice cuvcr lakeward of the bead d these rivers (International Niagara Working Committee, 
1983). Tbe US. a d  Canadian Coast Guard and hydropower rruhities are h d v e d  in this adivity; the Coast 
 pard also assists ship beset in the ke. Tbt results shown bere indicate the navigation season could be 
extended to 10 months ar perhaps eve0 12 months under a doubled dimate uarming. Thus a considerable 
cost ravisgs may be &ed with reduced Coast Guard and &iropower authority activity and increased 
shippiag activity h the winter m o d s  Tbc greatly r e d u d  extent axid dufation of ice cover will likely result in 
higher Irom LPke Superior and h e r  lake kwla duriq the winter months (Crdey and Hartmann, 
h lake e w p a t h  &ring winter hpSe ~1 ~ C S L K  h d s O  hi the Soow Belt regionc 
d the Great Lakes. There is a cmskkrabk amoant d winter reaeational adivity on iccco~ered bays and 
barb d tbe Great Lakes - ice boat%& *b fkbh& mowtnobiSe racing. Much if not all of this adivity would 
k radPcbd or discathued azmpktety with reduced ice cover. 



CHAPTER 6 

POLICY IMPLICATIONS 

The management of the Great Lakes fishery should be reviewed relati= to commercial and sports fnhing 
sine fiere may be loss or reduction d some fish spcdes and h e w  or hodudion of other fish species. 
port and harbor facilities may need to be upgraded to support h e a s t d  ocean-going and I d  shipping activities 
that would become possible with year-round navigation New regulation plans may need to be developed for 
contfoUing flows through the St. Marys, Niagara, and St. Lawrence Rivers. 



Sup = Lalre Superior 
Ed = LalreEfk 
WB = WestBdn 
CB = Center Bash 
EB - EastBazkr 
WFB = Whitefd Bay 

C = Celsius 
an = centimeters 
m meten 
km = kilometers 

EPA = United States Environmental Protedion Agency 
2C02 = double carbon dioxide scenario 
1C02 - single carbon dioxide scenario 
GCM = Global Circulation Model 
GISS = Goddard Institute of Spaa Science 

m2 GCM GISS-A = Goddard Mtute of Spaa S e n e  transient 
0 2  GCM GFDL = Gaophydad Fluid Dynamics Mtxalory 
2 0 2  GCM OISU = Oregon State University 2C02 GCM 

BFDD 

JD 
MFDD 
DMFDD 
MELT 

= equatioar 
= ~ t s d r e g r e s s i o a i n T a b k 2  
I. the rrrmnolatcd frecdqg degreedays (C) on 8 &en date 
I r a i d a l F D D ~ # ~ m u t a t i o a f a t r ~ d a y i n t h e ~ ~ O a  
GnotWuiacyde ; i lFDDdth i sVphKLawruna imot100perccnt  
= r tlxeshdd value d RID r tpresdq  (1) the date d tbe urd d fall owlurn in Eq. 1 and (2) 
the number d FDD seeded to cod the ~waf sbore water to 0 degrees C for Lake Erie basku, Eq. 
* 
4. 

= r on/otl switch lor ice formation in Eq. 2, ice is not permitted to form until FDD equals 
BFDD. Befae that time FZFAC=l000, after that time WAC-0 .  - a day counter, tbe ice cyde starts (JD= 1) tbe first day m)D is greater than BFDD 
= tbe axuual m a h u m  FDD rccumahtion 
= the date d the annual maximum FDD accumulation 

tbc amage daily ice melt rate (cm/day) 
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